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SUMMARY OF PROGRESS 
The overall 	goals of this 	research are to advance basic 	knowledge 	in unsteady 
fluid dynamics 	and 	to 	identify specific fluid mechanical 	mechanisms which contrib- 
ute 	as 	causative 	factors 	to 	the 	initiation 	and 	progressic ..-, 	..-:- 	...i,Lr(i -,c -L:csis. 
lhe 	Georgia 	Tech 	program 	is 	a 	companion 	study 	to 	c: 	rco,jk -,c -.: 	uriCer.: 	. : b 	i:'.e 	Depart- 
ments 	of 	Surgery 	and 	Pathology 	at 	the 	Universit• 	cf 	Ciu,co 	r;e , :ici::1 	School 	under 
the 	direction 	of 	Drs. 	C.K. 	Zarins 	and 	S. 	Gli.:go ,.'. Fluid 	Cirk:mical 	studies 	are 
carried out at Georgia Tech and biological 	investigations 	are performed at 	the 
_niversity 	of 	Chicago. 
Since our progress 	report on work performed during 	1985, 	in which we summarized 
- findings 	relating 	rigar wall 	flow behavior with 	the 	localization 	of atherosclerotic 
lesions, 	we 	have coricentrated at Georgia Tech on 	three primary areas: 	(1) 	the 
cecomposition and 	characterization of velocity disturbances 	in 	a 	transitional 	pul- 
satile 	flow; 	(ii) 	cOmputational 	methods 	for describing 	hemodynamic 	behavior; 	and 
iii) 	development of transparent compliant models of the carotid artery. 	In 	the 
.irea 	of velocity disturbance analysis our previous 	studies demonstrated 	that 	the 
'stindard" method of determining an underlying waveform in 	pulsatile 	flow by 
forming an ensemble average does not cleanly separate random from repeatable flow 
structures 	in 	a 	transitional 	pulsatile flow. 	Thus, 	estimates 	of 	random stresses 
are contaminated by , coherent fluctuations even when using the triple decomposition 
approach. 	We have plursued this work and developed a new method 	based upon adaptive 
filtering 	in 	the 	frequency domain which 	appears 	to be 	successful 	in 	cleanly 
cecomposing the velOcity 	into random and coherent components. 	This may have 
illiplication 	to 	the 	theoretical 	concept of triple 	decomposition 	favored 	by 	turbu- 
lence 	investigators 	in 	that 	improved data 	analysis may allow better modeling 	of 
turbulence phenomena. 
(continued on next page) 
PART III–TECHNICAL INFORMATION (FOR PROGRAM ;11•INA(..J V1E1:1 . 1..M.)) 
I 




10131 	II 	100Slil 	I) 
SI I'ARA I I 	I Ni 	10 Pli10( iR AM 
( 	li,ct, 	( V airinii , . 	Pit, 
a. 	Abstractsurflieses X 
1 	f'ublicatiun Citations 
1.1,0a on Scientific Collaborators 
,_—_- 
Iidormation on inventions X 
I ,:,linical DeNcription of Project and Results 
-N. , 	N, .‘ „-\\.::,..■,..., 
A'\\ 	\\ 	N 
\\,\ \\<,,,,„\:\ 	  
. 	X' 
6:\  
3. Principal Investigator/Project 
I 	Oilier (Apecitt) 
Director Signal III t: 4. Daft 
12/:'9, 8C 
2 	Principal Investigator/Project Director Name (Typed) 
Don 	P. 	Giddens 
Fr r 	98A 13 83) Supersedes All Previous Editions 
	 f- .rni Apt  rev. 1 OMB '40 314.. !G',3 
27 
SUMMARY OF PROGRESS (continued) 
Because of the unsteady and three dimensional nature of many blood flow situa-
tions, we have begun work on two approaches in computational fluid dynamics: a 
steady three-dimensional finite difference method which employs a fast algebraic 
grid generation method for internal boundaries based upon geometric projection of 
Cross-sections and which utilizes primary variables in the flow field solution; and 
en unsteady, low Mach number compressible approach for approximating certain types 
of incompressible flow behavior. Both methods are being applied to internal flows 
of interest in arterial fluid mechanics including flow in curved tubes, flow 
through constrictions and aneurysms, and flows in bifurcations. The steady, three 
cimensional code haS successfully calculated separated flows and secondary flows, 
end we are presently, investigating a flow field which contains both features. The 
compressible unsteady code is two dimensional at present, and we have employed it 
to compute separated flow through a mild constriction for an asymptotically steady 
state case. This is now being extended to pulsatile flow through a mild 
constriction. 
In an effort to tontinue the evolution of modeling arterial flows realisti-
cally, we have deve l oped a technique to construct transparent compliant models of 
the human carotid bifurcation. This will allow us to model arterial wall motion 
•,hich was not possible with the rigid plexiglass models employed heretofore in our 
.,ork. The transparent material allows use of laser Doppler anemometry and permits 
Ls to achieve a good index of refraction match between the model and the working 
fluid using a fluid i (a simple glycerine/ water solution) which is neither 
Lnpleasant in odor, !combustible nor expensive. We will use these models to inves-
tigate the effects of wall motion on flow behavior in the immediate vicinity of the 
\essel walls. 
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Vol. 120, pp. 419-442, 1986. 
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RESULTS FROM PRIOR NSF SUPPORT 
The PI has had a series of grants from NSF. The following is the most recent: 
MSM-8312391, Pulsatile Flow and the Susceptibility of Arteries to Atherosclerosis, 
$373,915, July 1, 1984 through May 31, 1988. 
Summary  
This summary will cover results from approximately the past five years. 
Collaborative research between the Principal Investigator and biomedical investigators 
at The University of Chicago has resulted in significant contributions in the field of biofluid 
dynamics and vascular disease. These results are summarized below. 
1. 	Atherosclerotic plaques in the human carotid artery localize in regions 
where the mean wall shear stress is low (below approximately 10 
dynes/cm 2) or oscillatory in direction. Regions where the wall shear is 
relatively high and unidirectional are spared from atherosclerosis. 
Before our paper in Circulation Research  (1) was published, the scientific community 
was divided in opinion as to whether low wall shear or high wall shear is the fluid dynamic 
factor associated with plaque localization. This paper, which correlated steady flow velocity 
measurements in a model of the human carotid bifurcation with measurements of intimal 
thickening obtained from human subjects, was the first to demonstrate that plaque localization" 
is associated with low fluid dynamic wall shear. A second paper (2) examined the effects of 
pulsatility on the flow field and, although certain fluid dynamic features are different than for 
steady flow, the basic finding of Reference (1) was sustained, provided that mean wall shear 
was used in the correlations. Reference (2) did introduce the concept of wall shear oscillations 
perhaps being an associative factor. 
These studies also discussed the possible role of long residence time of atherogenic 
particles near cellular sites of macromolecular uptake. This suggestion has not yet been 
explored. 
2. Femoral arteries in the cynomolgus monkey react to a chronic increase in 
blood flow rate by remodeling their structure until the vessel diameter 
reaches a value that results in a mean wall shear stress of approximately 
15 dynes/cm 2 (3). 
We performed a series of studies in which a fistula was installed between the femoral 
artery and vein in one hind limb of cynomolgus monkeys while the contralateral femoral artery 
served as a control. Flow in the artery on the fistula side increased by an order of magnitude as 
a consequence of the low pressure in the vein. After six months, the diameters of the femoral 
arteries were such that the average wall shear stress was approximately 15 dynes/cm 2 , 
regardless of the flow rate. These data are consistent with studies in the literature in other 
animal species (4,5). Languille (6) presents data which suggest that these arterial 
modifications are mediated by the response of endothelial cells to the changes in flow rate, 
presumably (though not proven) by reacting to fluid dynamic wall shear stress. 
We have combined our studies of artery adaptation in response to changes in flow (and 
those of other investigators, as well) with the results of our investigations of atherogenesis in 
the human carotid bifurcation (1,2) to hypothesize that (i) intimal thickening is a natural  
arterial response to low or oscillatory wall shear and (iil intimal thickenina may result in  
atherosclerotic plaque if blood contains atherogenic macromolecules which have long particle  
residence time in these susceptible regions.  Much of our current research is directed toward 
testing these hypotheses. 
3. Intimal thickening in the region downstream of aortic stenoses in 
cynomolgus monkeys correlates well with the reciprocal of the maximum 
absolute value of wail shear stress during the pulsatile cycle. 
The implication of this finding is that intimal thickening does not occur unless the local 
value of wall shear is continually low (3). Large excusions in shear, even though the time 
average is low, result in regions of sparing from intimal thickening. 
4. 	Turbulence and high wall shear stresses are not atherogenic factors. 
This conclusion results from several studies we performed in which neither high wall 
shear stress nor turbulence correlated with the localization of early atherosclerotic lesions. 
Our studies disproved the concept that atherosclerosis is initiated by damage to the artery wall  
induced by large shear stress.  
Thus, our previous research has identified a small set of fluid dynamic factors (low wall 
shear, wall shear oscillations and long particle residence time) which correlate with 
pathological behavior of the artery wall. Primary flow field features, such as separation and 
recirculation, appear to provide a micro- environment conducive to artery wall pathology. 
However, mechanisms by which the fluid-surface interaction occurs are not known. Two 
schools of thought are (i) endothelial cells require sufficiently high levels of fluid dynamic wall 
shear stress to maintain physiological homeostasis and (ii) enhanced mass transport of 
macromolecules occurs in regions of long particle residence time. Further advances will 
require improved knowledge of microscopic fluid dynamics in the neighborhood of the vessel 
surface. It is in this direction that our biological fluid dynamic studies are proceeding. 
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quantitative study in distended human arteries. R.T. Lyon, C.K. Zarins, C-T Lu, 
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Feinstein, and M.F. Roizen. J Vase Surg 5:607-613, 1987. 
11) Protection from atherosclerotic lesion formation by reduction of artery wall motion. 
R.T. Lyon, A. Runyon-Hass, H.R. Davis, S. Glagov, and C.K. Zarins. J Vase Surg 
5)1):59-67, 1987. 
12) Shear stress regulation of artery lumen diameter in experimental atherogenesis. 
C.K. Zarins, M.A. Zatina, D.P. Giddens, D.N. Ku and S. Glagov. J Vasc Surg 
5(3):413-420, 1987. 
13) The effects of diabetes on the development of atherosclerosis. A.M. Graham and 
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Can J Surg 29(5):330-332, 1986. 
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19) Increased collagenase activity in early aneurysmal dilatation. C.K. Zarins , 
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22) Plasma lipoprotein changes attending the intravenous administration of Triton 
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Research 26:351-359, 1985. 
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2:232-234, 1985. 
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Zarins, C.K., Glagov, S. and Giddens, D.P.: Adaptive enlargement of arteries in response 
to increased flow and increased intimul plaque. In "Role of Blood in Atherogenesis", Y. 
Yoshida; T. Yamaguchi, C.G. Caro, S. Glagov and R.M. Nerem (ids.). 	(Proc. Int's, 
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Springer-Verlag, New York, 1988, 185-188. 
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Differential enlargement of artery segments in response to enlarging atherosclerotic 
plaques. J. Vasc. Surg., 7, 386-394, 1988. 
Zarins, C.K. and Glftgov, S.: Artery Wall Pathology in Atherosclerosis, In Vascular 
Surgery, 3rd Lidition. 	Rutherford, R.B. ed. , W.B. Saunders, Philadelphia, 1989, pn 178-19Z 
Taylor, K.E., Glagov, S. and Zarins, C.K.: Preservation and structural adaptation of 
endothelium over experimental foam cell lesions: A quantitative ultrastructural study. 
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Plaque. New York, Springer-Verlag, 1989. 
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thickening. J. Vase. Surg. in press (Oct or Nov 1989) 
Giddens, D.P., 2arins, C.K., Ku, D.N. and Glagov, S.: 	The utility of correlations 
between model flow studies and vessel pathology in describing atherogenesis. In 
"Role of Blood Flow in Atherogcnesis", Y. Yoshida, T. Yamaguchi, C.G. Caro, S. 
Glagov and R.M. Nerem (Eds.). 	(Proc. Int'l. Symposium on the Role of Blood in 
Atherogenesis, Hyogo, October, 1987), springer - Verlag, New York, 1988, pp 6:i - 66. 
Ku, U.N., Zarins, C.K., Giddens, D.P. and Glagov, S.: Early atherosclerosis and 
pulsatile flow in the human carotid bifurcation. In "Role of Blood Flow in 
Atherogenesis", Y. Yoshida, T. Yamaguchi, C.G. Caro, S. Glagov and R.M. Nerem (Eds.). 
(Proc. int'l. Symposium on the Role of Blood Flow in Atherogenesis. Hyogo, October, 
1987), Springer-Verlag, New York, 1988, pp 73-80. 
Ku, U.N., Glagov, S., Moore, J.F. and Zarins, C.K.: -Flow patterns in the abdominal 
aorta under simulated postprandial and exercise conditions: An experimental study. 
J. Wisc. Surg., 9, 309-316, 1989. 
Bassiouny, H.S. , Davis, II., Masawa, N., Gcwert z , B. L., Glagov, S. and Zarins, C. k . 
Critical carotid stenosis: Morphological and chemical similarity between symptomatic 
and asymptomatic plaques. J. Vase. Surg., 9, 202-212, 1989. 
Glagov, S. and Zarins, C.K.: What arc the determinants of plaque instability and its 
consequences. J. Vase. Surg., February, 1989. 
Zarins, C. K. , Glagov, S. , Giddens, D.P. and Ku, h. N.: 	Hemodynamic factors and 
atherosclerotic change in the aorta. 	In Aortic Surgery. 	Bergan J.J. and Yao, J.S.T. ed. 
► .B. Saunders, 1988, pp 17-25. 
Glagov, S., Zarins, C.K., Giddens, D. P. and Ku, I). N.: 	Nemodynamics and Atherosclerosis: 
Insights and perspectives gained from studios of human arteries. Arch. Path. Lab. Med. 
112, 1018-1031, 1988. 
Bassiouny, H.S., Lieber, B.B., Zu, C.P., Giddens, D.P., Glagov, S. and Zarins, 
Quantitative inverse correlation of wall shear stress with experimental intimal 
thickening. Surgical Forum, 39, 328 - 330, 1989. 
Rich, S., miller, J.F., Charous, S.J., Davis, H.R., Shanks, P,, Glagov, S. and Lands, 
W.E.M.: The development of atherosclerosis in genetically hyperlipidemic rabbits during 
chronic fish oil ingestion. Arteriosclerosis 9, 189-194, 1989. 
Zarins, C.K. and Glagov, S.: Histopathology of plaque dilatation and remodelling 
following balloon angioplasty. 	In Endovascular Surgery, W.S. Moore and S.S. Ahn (Eds.) 
W.B. Saunders, Philadelphia, pp 141-147. 
Grande, J.P., Glagov, S., Bates, S.R., Horwitz, A.L. and •Mathews, 	Effect of 
normolipemic and hyperlipemic serum on the biosynthetic response to cyclic stretching 
of aortic smooth muscle cells. Arteriosclerosis, 9, 44c-452, 1989. 
Glagov, S., Bassiouny, H., Masawa, N., Ku, D.N. , Vito, R.P., Giddens, D.P. and Zarins, 
C.K.: Hemodynamic and Structural Determinants of Human Plaque Stability, In 
Atherosclerosis VIII, Crepaldi, G.,Uotto, A.M., Manzato, E. and Baggio, G. 	Fxcerpta 
Medica, Amsterdam, 1989, pp 411-415. 
Glagov, S., Grande, J.P., Xu, C-p.„ Giddens, D.P. and Zarins, C.K.; Limited effects 
of hyperlipidemia on the arterial smooth muscle response to mechanical stress. 
J. Cardiovasc. Pharm. 14(Supp1.6): S90-597, 1989. 
VISUALIZATION OF FLOW PHENOMENA IN A VASCULAR GRAFT MODEL 
A Thesis Presented to The Academic Faculty by Samuel Scott White, December 1989 
SUMMARY 
Vascular reconstructions are sometimes necessary to 
restore circulation in diseased arterial segments of the lower 
extremity. The region where a graft joins the native vessel 
is an anastomosis. Flow patterns, wall compliance and motion, 
and vessel geometry are altered at an anastomosis, and the 
intima of the native artery can adapt to these local changes. 
Fibrous proliferation of the intima into the anastomosis is 
known as Intlmal hyperplasla. 
Only two thirds of bypasses performed in the lower 
extremity remain patent after two years. The major cause of 
failure in these small arterial (dia < 4mm) bypasses is 
intimal hyperplasia. Current evidence shows a positive 
correlation between intimal thickening and regions of low and 
oscillating wall shear stress in the human carotid arteries, 
it is hypothesized that such near wall conditions exist in the 
region of an anastomosis, and that these conditions lead to 
intimal hyperplasia and graft failure. 
Canine experiments performed at The University of Chicago 
School of Medicine provided information for anastomotic 
geometries and flow waveforms. From these in vivo data, two 
vii 
scaled end-to-side anastomosis models have been constructed. 
Only one geometric parameter, the ratio of anastomotic hood 
length to host artery diameter, was varied between the models. 
Model I had a ratio of 4:1 and model II had a ratio of 8:1. 
The models were placed in a flow system which was operated 
under steady and pulsatile flow conditions. The flow 
phenomena observed in the anastomoses were recorded on 35 mm 
black and white film and VHS video tape. The steady flow 
experiments were conducted at Reynolds numbers 1000, 650, and 
200. The flow divisions between the proximal-distal exits 
were 0%-100%, 20%-80%, 50%-50%, and 100%-0%. 
Laminar flow patterns were observed for steady flow in 
all configurations except the 100%-0% flow division at 
Reynolds numbers 650 and 1000. Secondary flow occurred around 
the anastomotic sinus in both models because a radial pressure 
gradient was induced by the slope in the anastomotic hood. 
Fluid did not separate from the hood in any case, but 
recirculation zones were present at the wall opposite the hood 
in both models for low proximal outflow. 
The pulsatile experiments revealed that regions of low 
and oscillatory shear stress are present within an anastomosis 
along the opposite wall and near the distal exit. Low shear 
at the opposite wall occurred near the end of systole for both 
models. The pulsatile flow separated from the hood during 
viii 
portions of the cycle in model I when the proximal outflow 
increased to 50%. In model II, flow separation from the hood 
was observed for all configurations. 
A region of high particle residence time was also 
discovered. Particle accumulation in the anastomotic sinus 
began at the model inlet and extended to the outer wall for 
the 0%-100% flow division. As proximal outflow was increased 
to 20%, a C-shape was formed. A proximal outflow greater than 
50% prevented particle accumulation. 
The results from the flow visualization experiments 
suggest that the anastomotic regions suseptible to intimal 
hyperplasia are along the hood near the distal exit and along 
the wall of the native artery. Clinical observations confirm 
that hyperplasia does develop at these locations. Chronic 
animal studies currently being performed at The University of 
Chicago School of Medicine will provide in vivo data of 
intimal hyperplasia development in canine bypass grafts. At 
the completion of the chronic studies (6 months), a 
correlation will be made between the actual locations of 
hyperplasia in anastomoses with those predicted by the flow 
experiments. 
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